Natural killer (NK) cells represent an important first
Evolution of natural killer cell receptors: coexistence of functional
could result from a species-specific EcoRI site within exon 7 or from existence of two related genes. Figure 1b shows G/GT, which matches the consensus for a donor site [12] . It seems likely that a G to C mutation at the final exon primates. This analysis revealed that chimpanzee also has a C at the 3Ј end of exon 5, whereas other primates have years ago [13] . We also found that the alternative splice donor site in the intron A/GT, used by the human gene, (gibbon), CP18.SK (orangutan), 26CB-1 (baboon), CV-1 (African Green monkey), PK2a/C113 (pig), and RBL-1 (rat). Dog, cat, and mouse (C57Bl/6) DNA was from primary tissues. Hybridization solution was as previously described [20] . The hybridization temperature for (a) was 60ЊC, and the final wash was at 65ЊC in 3ϫ SSC and 1% SDS. (1ϫ SSC is 0.15 M NaCl/0.015 M Na citrate.) (b, c) Hybridization and wash was at 55ЊC in 3ϫ SSC and 1% SDS. (a, b) The probe was a 158 bp fragment from the human Ly49L mRNA (positions 880-1037 of accession number AF047445) [5] . (c) A mixture of cDNAs for mouse Ly49a, -b, and -c [21] was used as probe.
Figure 2
Sequences of human and primate DNAs in the region surrounding www.terryfox.ubc.ca/mager.htm. PCR on primate DNAs used primers the exon 5 donor site. Positions identical to human are shown with HumLy49-1, HumLy49-2, and Pfu (Stratagene). A temperature of dots. The G to C change in human and chimpanzee at position 123, 59ЊC with extension time of 30 s for 28 cycles gave products for which inactivates the exon 5 donor site, is marked with an arrow.
human, gorilla, orangutan, and gibbon. The temperature was reduced The invariant GT at the beginning of intron 5 is overlined. The A to G to 52ЊC to obtain product from African Green monkey. Primers change in human and chimpanzee creating the alternative donor BabLy49-1 and HumLy49-2 were used to amplify from chimpanzee site used in human is marked with a diamond at position 206. The (28 cycles, 54ЊC, extension time 30 s). The baboon sequence overline at 206-207 shows the required GT of the alternative donor was amplified using primers BabLy49-1 and 6029 (28 cycles, site. Divergence times for different primates are shown in Figure 4 .
50ЊC, extension time 60 s). PCR products were subcloned and Sequences of all PCR primers used in this study are available at sequenced. is present in chimpanzee (Figure 2 ). This site is A/AT in other primates, which would make it nonfunctional as a donor site [12] . Therefore, an A to G change, creating a potential alternative donor site in the intron, occurred during the same evolutionary time period as the mutation that apparently inactivated the correct site.
We next determined if some primates express correctly spliced Ly49L transcripts. Primary lymphocytes from baboon (an Old World monkey) were obtained, total RNA prepared, and used in 5Ј and 3Ј rapid amplification of cDNA ends (RACE) experiments. RACE products were sequenced, and information from these products was used to design 5Ј and 3Ј primers to amplify the entire coding region of the gene. RT-PCR was performed, and a fragment of the predicted size for a full-length transcript was obtained and sequenced, showing a correctly spliced mRNA with an intact open reading frame. Figure 3a compares DNA sequences of the baboon Ly49L transcript with the published human Ly49L mRNA. Figure 3b compares the baboon predicted protein sequence with the hypothetical human protein -assuming correct splicing of the human gene. Overall, the two proteins are 91.5% identical, but, if just the CTLDs are compared, the level of identity is 96%, suggesting that the extracellular domain of Ly49L has been conserved during primate evolution. The cytoplasmic domain of the putative baboon Ly49L protein contains a sequence EVYSTL (Figure 3b ), which is similar to the consensus immunoreceptor tyrosine-based inhibition motif (ITIM) of S/V/IxYxxL/V found in functional inhibitory receptors [2, 14] . However, a nonpolar amino acid at the first position is thought to be important for signaling, so it is unlikely that baboon Ly49L has a role as an inhibitory receptor analogous to that of the rodent Ly49s or the KIRs.
The polyadenylation site of human Ly49L is not known, since the cDNA clones [5] and an EST sequence (accession number AA464841) do not include the polyA tail. However, 3Ј RACE on baboon RNA revealed that the polyadenylation signal for the baboon gene occurs upstream of the end of the human cDNA. This AATAAA signal is mutated to GATAAA in human (see Figure 3a) , which may render the site nonfunctional, leading to long transcripts that are heterogeneous in size. Indeed, North- Possible evolutionary scheme for the development of distinct NK receptor systems. Divergence times between different primates and between mammalian orders are approximate [13, 23] . Analysis of repetitive sequences in the locus indicates that an ancestral KIR gene existed 50-100 million years ago but that gene duplications that formed the primate KIR gene cluster occurred 30-45 million years ago [7, 8] . NK receptors used in other mammalian orders are not known.
latter mutation occurred, we sequenced the region from genes in primates. Indeed, since Ly49L is a low-copy gene with evidence of conservation in other mammals, it is primates and found that human, chimpanzee, and gorilla have the polyadenylation site mutation, whereas the more unlikely that its function is similar to the mouse Ly49s, which encode rapidly evolving receptors that recognize divergent great apes (orangutan and gibbon) and Old World monkeys (baboon and African Green monkey) do highly polymorphic classical MHC class I molecules. It is possible that the primate Ly49L receptor recognizes not (data not shown). This mutation is therefore older than the splice site mutation, having occurred in a common a molecule that is relatively conserved in mammals. As depicted in Figure 4 , the known rodent Ly49s may have ancestor to gorilla, chimpanzee, and human.
been derived from the same ancestral gene as primate Ly49L but then amplified and diverged from the parental Southern analysis has suggested that primates contain KIR gene while evolving to play their present role -one that genes [15] , but common and pygmy chimpanzees are the is fulfilled by KIRs in primates. The function of Ly49L only nonhumans for which KIRs have been characterized in primates and the identity of NK receptors in other [16, 17] . To determine if baboons have functional KIRs, mammals remain intriguing questions. we performed RT-PCR on lymphocyte RNA, using consensus KIR primers designed from the human genes [16, 18] . Several products were sequenced and revealed
Materials and methods
cDNAs with open reading frames from at least six distinct Baboon RACE and cDNA isolation KIR genes from a single baboon. The sequences are 75%-Total RNA was isolated from baboon (Papio hamadryas) lymphocytes, and 5Ј RACE was performed as described [22] . First-strand synthesis 80% identical at the amino acid level and 82%-87% identiused the gene-specific primer BGSPRT with Superscript II (Life Technolcal at the DNA level to human KIRs, and an analysis of ogies). Products were T tailed using Terminal Deoxynucleotidyl Transthese baboon genes will be reported elsewhere. in baboon and other lower primates, but its potential role Nested PCR used primers Q I [22] and BGSPR2 (30 cycles, 53ЊC, exis not clear. Besides the lack of a consensus ITIM, another tension 90 s.). Six products were sequenced, and five contained sequence 95.3% identical to human Ly49 (accession number AF1269036).
unusual feature of the putative Ly49L protein is the extra-3Ј RACE [22] was performed using primers from baboon exon 1. The Q T cellular CTLD, which ends in a stretch of four highly primer was used to initiate first-strand synthesis from baboon lymphocyte basic residues, a terminus which is not shared by rodent total RNA. Primers Q 0 and BABEX1 were used for first-round PCR with Ly49s or other members of the C-type lectin superfamily Elongase Enzyme Mix (Life Technologies) (1 cycle, 55ЊC, extension 5 min, followed by 30 cycles, 55ЊC, extension 2 min). Nested PCR used of NK receptors [19] . The expression of multiple KIR primers Q I and BABEX1B (30 cycles, 55ЊC, extension 2 min.). A major genes and a structurally intact Ly49L gene in baboons product of 1.2 kb represented a full-length transcript. To resolve discrepindicates that these genes coexist in some species. Thereancies observed between the clones generated with Elongase, we perfore, it appears that Ly49L inactivation in higher apes and formed PCR using Pfu (Stratagene) and the first-strand cDNA pool generated using primer Q T . First-round PCR used primers BABEX1 and humans did not select for the emergence of multiple KIR
